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INTRODUCTION 
Processing conditions such as those in the gravity cast and extruded 
metal-matrix composites (MMC) introduce a degree of anisotropy that must be taken 
into consideration in applications requiring high performance isotropic mechanical 
properties. The presence of anisotropy in composites can be viewed as the difference 
in the elastic modulus from one orientation to another, and the elastic constants can 
be determined from ultrasonic velocities and material densities. Gontributions to 
anisotropy in MMC's include the preferred alignment of crystalites in the matrix 
(texture) and the distribution and orientation of reinforeerneut particles. Models 
involving the effect of partial orientation and distribution of the reinforeerneut 
particles and texture were described by Sayers [1], and Spiesand Salama [2] 
respectively. In this work, we use the former model to measure anisotropy in MMC's. 
EXPERIMENTAL 
Some of the MMC's used in this investigation consisted of the alloys AL 8091 
and AL 7064 as matrices and SiC particles as reinforcement. They were manufactured 
by gravity or die-casting the mixture of powder and molten liquid. Others consisted of 
the matrix alloys AL 6061 and AL 2014 and were reinforced with Ah03 particles. The 
latter were wrought products. Partide sizes of the ceramic reinforcements ranged from 
5 to 20 microns. An average particle aspect ratio of 1.6 was determined [4] from 
micrographs by measuring the area fraction of the reinforeerneut particles through 
manual point count described in ASTM standard E562. The nominal volume fractions 
of the ceramic particle reinforeerneut in the matrix were 0%, 10%, 15% and 20%. 
The ultrasonic measurement technique used was based on the propagation of 
broadband pulses in the material as described in the pulse-echo-overlap technique 
developed by Papadakis [3]. Two different setups were used to average the time of 
flight measurement and to minimize error. One of thesewas manual and the other 
automated which are described in [4]. The fundamental frequency of 5 MHzwas used 
in all measurements and in both polarizing modes. 
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Longitudinal and shear wave velocities were measured along the principal axes 
corresponding to the extrusion direction denoted as 3. The normal and the transverse 
to the extrusion direction are denoted by 1 and 2 respectively. Another necessary 
longitudinal velocity was measured in a direction 45° to the extrusion and its normal 
direction and was denoted by V[on] for the polycrystal MMC. Measuring this off-axis 
velocity requires cutting the reetangular specimen at a plane perpendicular to the 
direction in which V[on] was to be measured. 
The densities of the samples were determined using Arehirnedes principle. The 
densities and the velocities measured were used to calculate the elastic constants C;j 
for the composites. Earlier measurements on samples of these composites have shown 
that Vll ~ V22 and \123 ~ v31 indicating that these composites are approximately 
transversely isotropic. For such materials the fourth-order effective elastic stiffness 
tensor can be described by five independent elastic constants. 
THEORY 
Elastic Constants 
For transversely isotropic materials the number of elastic constants necessary to 
describe the elastic stiffness can be reduced by assuming that 
Cn = C22, C12 = C21, C23 = C32 = C31 = C13 and C44 = Css· In this case the elastic 
constants remairring can be described by the following equations in terms of measured 
ultrasonic velocities and material densities: 
pv;; = c33 
p1ft; = plt;21 = pV2; = plt;~ = C44 
p1ft~ = pV2; = C66 
2 CnC33- Cl4 + (C23 + C44)J(Cn- C44)(C33- C44) P Vr[on] = --------::::---:::----'---:-:::--------
Cn + C33 - 2C44 
C12 = Cn - 2C66, 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
where p is the density and V;j is the sound velocity. In these relationships the 
velocities are characterized by two subscripts. The first indicates the velocity 
propagation direction and the second the polarization direction of the wave. The 
velocity propagation and polarization directions of V[on] are at a 45° angle to the 
extrusion and the normal direction. The elastic constants in equations (1) through (5) 
are independent of each other, while C12 in equation (6) is dependent Oll other 
constants. Equation (5) determines the constant C23 which is calculated using the 
velocity V[on] which requires cutting the sample. 
Elastic Anisotropy 
For composites reinforced by ellipsoidal inclusions with orthotropic orientation 
distribution and with symmetry axes that are coincident with the reference axes, the 
elastic constants are determined by the expansion coefficients of the fiber-orientation 
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distribution functions W2oO, w220, W4oo, w420 and w440 and three anisotropy 
parameters a1, a2 and a3. The equations obtained by Sayers [1) are 
where p is the density, and p and >. are the Lame constants of a composite with 
random orientation distribution of fibers. 
In the case of transverse anisotropy in the composite, it follows from Sayers [1) 
that w220 = w420 = w440 = 0 and the elastic constants are determined by only two 
expansion coefficients w200 and w400 of the fiber-orientation distribution function: 
(16) 
16?r2 
C33 = >. + 2p + 105 (2vf2al W4oo - v'iüa3 W2oo) (17) 
C _ C _ _ 16vf21r2a1 W4oo _ 2J107r2(7a2 + 2a3)W200 
44 
-
55 
- tt 105 315 (18) 
C _ 4vf21r2a1W4oo 4J107r2(7a2 + 2a3)W2oo 
66 
- tt + 105 + 315 (19) 
C _ >. 4vf21r2a1 W4oo _ 8J107r2(7a2- a3)W2oo 
12
- + 105 315 (20) 
C = C = >. _ 16vf21r2a1W4oo 4v'107r2(7a2- a3)W2oo 
23 31 105 + 315 . (21) 
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Elirninating J-L and >.in (16) through (21), we find that 
4v'211"2ai W4oo Cu + C33 - 2C23 - 4C44 = 3 (22) 
4Vl011"2a2 w200 Cu - 3C12 + 2C23 - 2C44 = 5 (23) 
4Vl011"2 a3 w200 
4Cu - 3C33 - C23 - 2C44 = 5 · (24) 
To deterrnine the anisotropies frorn equations (22) through (24), we need to find 
C23 through, say, equation (5). Unlike (1) through (4), equation (5) is nonlinear in the 
elastie eonstants. The MMCs used in this investigation have weak anisotropies, with 
the anisotropy pararneters being at least one order of rnagnitude srnaller than the 
elastie eonstants. This rnakes it a reasonable approxirnation to take a series expansion 
of (5) to the first order of the anisotropies, yielding 
(25) 
The error of this approxirnation is in the order of squares of the anisotropy 
pararneters. Substituting (1) through (4), (6) and (25) into (22) through (24), we find 
the following equations relating the anisotropies to ultrasonie veloeities: 
(26) 
(27) 
(28) 
RESULTS AND DISCUSSION 
Elastie Constants 
The rneasured ultrasonie wave veloeities for the four types of MMC's are listed in 
Table 1. For eaeh type, sarnples of various volurne fractions of reinforeerneut are 
ernployed. The veloeity in a syrnrnetry plane is taken to be the average of orthogonal 
waves in that plane. For exarnple, Vi1 is the average of Vi1 and V22 , ete. 
The elastie eonstants C;j were ealculated frorn the ultrasonie veloeities and 
densities by using equations (1) through (6). They are listed in Table 2. It was 
assurned in their ealculation that the rneasured eornposites approaeh the transversely 
isotropie ease. The elastie eonstants in Table 2 inerease proportionally with the 
reinforeerneut eontent. The eornpressional elastie eonstant inereases at a higher rate in 
the preferred alignrnent (extrusion) direetion than in the average of the transverse 
directions, indieated by C33 and Cu respectively. The elastie eonstants C44 and C66 
eorrespond to shear wave properties and inerease proportionally to eaeh other with 
inereased reinforeernent. The sarne is observed for C12 and C23 whieh include both 
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Table 1. Measured ultrasonic wave velocities (m/s) 
SiC Vil 1':33 Vi2 l-'23 V[on] 
0% 6567 6571 3466 3463 6570 
AL8091 10% 6818 6977 3732 3743 6837 
15% 6922 7099 3836 3845 6981 
0% 6178 6205 3084 3078 6170 
AL7064 15% 6644 6853 3442 3502 6687 
20% 6825 7001 3625 3651 6858 
Ah03 Vil VJ3 Vi2 l-'23 V[on] 
0% 6317 6293 3171 3230 6310 
AL6061 10% 6494 6523 3304 3329 6466 
15% 6571 6673 3320 3375 6579 
20% 6736 6894 3510 3578 6754 
0% 6348 6322 3079 3117 6306 
AL2014 10% 6479 6559 3316 3336 6499 
15% 6605 6761 3350 3451 6651 
20% 6719 6937 3484 3563 6826 
shear and compression-wave properties. For zero reinforcement the elastic constants 
for a type of ultrasonic wave are approximately equal. A comparison of these elastic 
constants to those obtained by Orrhede in [5] shows good agreement. 
Elastic Anisotropy 
For the case that elastic anisotropy is caused by the preferred alignment of the 
reinforcements, the three anisotropy factors a1 W400 , a2 W200 and a3 W200 are calculated 
using equations (26) through (28) and shown in table 3. Theseparametersare in units 
Table 2. Elastic constants in GPa calculated from measured ultrasonic wave velocities 
SiC Cn c33 c44 c66 c12 C23 
0% 109.1 109.2 30.3 30.4 48.3 48.5 
AL8091 10% 120.4 126.1 36.3 36.1 48.3 46.3 
15% 124.9 131.4 38.5 38.4 48.2 48.9 
0% 109.5 110.5 27.2 27.3 54.9 54.1 
AL7064 15% 129.3 137.6 35.9 34.7 59.9 56.7 
20% 137.3 144.5 39.3 38.7 59.9 57.8 
Ah03 Cn c33 c44 c66 c12 C23 
0% 107.4 106.6 28.1 27.1 53.3 51.2 
AL6061 10% 117.6 118.7 30.9 30.5 56.7 53.3 
15% 123.1 126.9 32.5 31.4 60.2 56.8 
20% 131.2 139.5 37.6 36.2 58.9 56.3 
0% 113.9 113.0 27.5 26.8 60.3 56.4 
AL2014 10% 122.7 125.7 32.5 32.1 58.4 57.6 
15% 129.8 136.0 35.4 33.4 63.0 59.5 
20% 137.4 146.5 38.6 36.9 63.5 64.4 
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SiC a1W4oo 
0% -0.01 
AL8091 10% 0.46 
15% 0.24 
0% 0.16 
AL7064 15% 0.53 
20% 0.48 
Ab03 a1W4oo 
0% -0.04 
AL6061 10% 0.33 
15% 0.35 
20% 0.52 
0% 0.22 
AL2014 10% 0.16 
15% 0.27 
20% 0.02 
0.5 
0.4 
0.3 
0.2 
0.1 
a2W2oo a3W2oo 
0.02 -0.02 
-0.17 -0.63 
0.04 -0.82 
-0.06 -0.08 
-0.35 -0.97 
-0.21 -0.83 
a2W2oo a3W2oo 
-0.25 0.10 
-0.31 -0.03 
-0.36 -0.41 
-0.48 -0.69 
-0.36 0.21 
-0.10 -0.37 
-0.45 -0.77 
-0.06 -1.26 
• AL8091/SiC 
o AL7064/SiC 
o AL6061/Al203 
* AL2014/ Ah03 
AL7064/SiC 
AL6061/ Ah03 
AL8091/SiC 
AL2014/ Ah03 
c 
Figure 1. Elastic anisotropy factor a1 W400 vs. volume percentage c of reinforcement. 
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Figure 2. Elastic anisotropy factor a2 W200 vs. volume percentage c of reinforcement. 
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Figure 3. Elastic anisotropy factor a3 W200 vs. volume percentage c of reinforcement. 
1149 
of GPa and zero corresponds to an isotropic state. For increasing fractions of 
reinforcements the values for a1 W4oo generally become more positive and those for 
a2 W200 and a3 W200 become more negative. 
The anisotropy factors a1 W4oo, a2 W2oo and a3 W2oo are listed in Table 3 and are 
plotted versus volume percentage of reinforeerneut in Figures 1 through 3 respectively. 
The solid lines represent linear curve fitting from the data points. 
The data points in Figures 1 through 3 present considerable amount of 
scattering. However, some observations can be made concerning general features of 
anisotropies in the composites. First, with few exceptions the degree of anisotropy 
increases with the volume percentage of reinforcement, which agrees with Sayers' 
analysis [1]. He found that the absolute values of the anisotropy parameters a1 , a 2 and 
a3 increase with the volume fraction hefore reaching a maximum at a volume fraction 
over 80%. Secondly, since the expansion coefficients Wimn are positive, the values of a1 
are most time positive, and those of a2 and a3 negative. These agree with the 
theoretical values of the three anisotropy parameters calculated by Sayers [1]. 
Furthermore, of the three anisotropy factors, a3 W200 is seen to be most significant. 
This again agrees with Sayers' theoretical calculation. He found that for glass fibers of 
aspect ratio 2 in an epoxy matrix, a1 ranges from 0 to 4 GPa, a2 from 0 to -4 GPa, 
and a3 from 0 to -30 GPa. 
SUMMARY 
In this work the velocities, the elastic constants and the anisotropy parameters 
were determined from ultrasonic wave measurements based on relations for 
transversely isotropic solids. It shows that it is viable to use ultrasonic techniques to 
evaluate anisotropies in MMC. For composites of various volume fractions of 
reinforcement, three anisotropy parameters were calculated from the measured 
ultrasonic velocities. The trend was that anisotropy increases with the volume fraction 
of reinforcement. Comparisons of the present results with the theoretical values show 
similar trends. 
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